The tumor suppressor p53 consists of four 393-residue chains, each of which has two natively unfolded (N-and C-terminal) and two folded (core and tetramerization) domains. Their structural organization is poorly characterized as the protein tends to aggregate, has defied crystallization, and is at the limits of NMR studies. We first stabilized the protein by mutation to make it more suitable for extended study and then acquired NMR spectra on full-length protein and various combinations of shorter domain constructs. The NMR spectrum ( 15 N, 1 H transverse relaxation optimized spectroscopy) of full-length p53 was close to that expected from the sum of the spectra of isolated individual domains. However, patterns of changes in chemical shifts revealed unexpected interactions between the core domains. We used the NMR data as constraints in docking algorithms and found a previously uncharacterized self-complementary surface for the association of core domains into dimers within the tetrameric complex. Binding to DNA requires about a 70°rotation to break those subunit interactions and form the known protein:protein interface in the p53-DNA complex. We verified the interactions by the effects of mutation on DNA binding. Spectroscopic, biophysical, and mutational data conspired to give a picture of the p53 tetramer as a dimer of loosely tethered core dimers of appropriate symmetry to be poised to bind target DNA. modular proteins ͉ NMR ͉ protein-protein interactions T he tumor suppressor p53 is a complex multifunctional protein that acts as a transcription factor in response to oncogenic and other stresses. It is at the centre of a multitude of networks in the cell, binds to DNA and a large number of protein signaling factors that modulate its activity, and is a subject to control by extensive posttranslational modification. Its activity is crucial in the prevention of cancer by inducing cell cycle arrest and apoptosis in response to oncogenic signals (1, 2). Each of its monomeric chains of 393 residues is comprised of several functional domains: the N-terminal domain (residues 1-93) comprises a transactivation domain (residues 1-60) (3) and a proline-rich regulatory domain (residues 64-92) (4), the DNAbinding core domain (CD) (residues 94-312) (5), the tetramerization domain (residues 324-355) (6), and the C-terminal negative regulatory domain (residues 360-393) (7). It undergoes a reversible equilibrium to form tetramers (8). The crystal structures of isolated human core domain bound to DNA (5), and of several oncogenic mutants, have been solved (9). The tetramerization domain is also well characterized by NMR (6, 10) and crystallography (11). The isolated N-terminal domain is natively unfolded (11, 12), apart from the formation of a nascent helix in the region 15-30 (11), which becomes fully helical when bound to Mdm2 (13) or in a membrane environment (14). The C-terminal negative regulatory domain of p53 is also unstructured (15, 16). The unstructured regions probably prevent the full-length protein being crystallized, leaving NMR as the only technique for obtaining high-resolution structural data on the full-length complex. There have been initial NMR studies on engineered dimeric p53 constructs with an impaired tetramerization domain comprising the core and tetramerization domains (CTetD), the core plus tetramerization plus C-terminal domains, and full-length protein (15, 17). Here, we present an NMR analysis of full-length tetrameric p53 (flp53) whose core domains have been engineered to be stable for extensive NMR studies (18) and which give excellent NMR spectra. The CD common to all our constructs had four mutations in the core domain that stabilize it by 3 kcal⅐mol Ϫ1 (18). Its structure is identical to that of wild type, apart from the mutated side chains (19), and the flp53 version is fully active in cells (unpublished data). We compared the spectra with those of isolated core and N-terminal domains and the CTetD construct to search for interdomain interactions and regions of structure that are affected by oligomerization. We located a previously undetected CD-CD dimer interface.
The tumor suppressor p53 consists of four 393-residue chains, each of which has two natively unfolded (N-and C-terminal) and two folded (core and tetramerization) domains. Their structural organization is poorly characterized as the protein tends to aggregate, has defied crystallization, and is at the limits of NMR studies. We first stabilized the protein by mutation to make it more suitable for extended study and then acquired NMR spectra on full-length protein and various combinations of shorter domain constructs. The NMR spectrum ( 15 N, 1 H transverse relaxation optimized spectroscopy) of full-length p53 was close to that expected from the sum of the spectra of isolated individual domains. However, patterns of changes in chemical shifts revealed unexpected interactions between the core domains. We used the NMR data as constraints in docking algorithms and found a previously uncharacterized self-complementary surface for the association of core domains into dimers within the tetrameric complex. Binding to DNA requires about a 70°rotation to break those subunit interactions and form the known protein:protein interface in the p53-DNA complex. We verified the interactions by the effects of mutation on DNA binding. Spectroscopic, biophysical, and mutational data conspired to give a picture of the p53 tetramer as a dimer of loosely tethered core dimers of appropriate symmetry to be poised to bind target DNA. modular proteins ͉ NMR ͉ protein-protein interactions T he tumor suppressor p53 is a complex multifunctional protein that acts as a transcription factor in response to oncogenic and other stresses. It is at the centre of a multitude of networks in the cell, binds to DNA and a large number of protein signaling factors that modulate its activity, and is a subject to control by extensive posttranslational modification. Its activity is crucial in the prevention of cancer by inducing cell cycle arrest and apoptosis in response to oncogenic signals (1, 2) . Each of its monomeric chains of 393 residues is comprised of several functional domains: the N-terminal domain (residues 1-93) comprises a transactivation domain (residues 1-60) (3) and a proline-rich regulatory domain (residues 64-92) (4), the DNAbinding core domain (CD) (residues 94-312) (5), the tetramerization domain (residues 324-355) (6) , and the C-terminal negative regulatory domain (residues 360-393) (7) . It undergoes a reversible equilibrium to form tetramers (8) . The crystal structures of isolated human core domain bound to DNA (5), and of several oncogenic mutants, have been solved (9) . The tetramerization domain is also well characterized by NMR (6, 10) and crystallography (11) . The isolated N-terminal domain is natively unfolded (11, 12) , apart from the formation of a nascent helix in the region 15-30 (11) , which becomes fully helical when bound to Mdm2 (13) or in a membrane environment (14) . The C-terminal negative regulatory domain of p53 is also unstructured (15, 16) . The unstructured regions probably prevent the full-length protein being crystallized, leaving NMR as the only technique for obtaining high-resolution structural data on the full-length complex. There have been initial NMR studies on engineered dimeric p53 constructs with an impaired tetramerization domain comprising the core and tetramerization domains (CTetD), the core plus tetramerization plus C-terminal domains, and full-length protein (15, 17) . Here, we present an NMR analysis of full-length tetrameric p53 (flp53) whose core domains have been engineered to be stable for extensive NMR studies (18) and which give excellent NMR spectra. The CD common to all our constructs had four mutations in the core domain that stabilize it by 3 kcal⅐mol Ϫ1 (18) . Its structure is identical to that of wild type, apart from the mutated side chains (19) , and the flp53 version is fully active in cells (unpublished data). We compared the spectra with those of isolated core and N-terminal domains and the CTetD construct to search for interdomain interactions and regions of structure that are affected by oligomerization. We located a previously undetected CD-CD dimer interface.
Results and Discussion
Oligomerization State of p53. The isolated CD is monomeric under NMR conditions (20) , as shown by analytical ultracentrifugation and with NMR relaxation measurements (spin-echo) being consistent with a M r of 24,000. We found by analytical ultracentrifugation that flp53 was in equilibrium between dimers and tetramers with a dissociation constant of 250 Ϯ 150 nM (per p53 tetramer) at 25°C, and 150 Ϯ 100 nM at 10°C at the ionic strength used in NMR studies. The dissociation constant of CTetD was 220 Ϯ 70 nM (per p53 tetramer) at 10°C. At the concentrations used in NMR spectroscopy (100-150 M of monomeric units), Ͼ95% of the monomers of both constructs were in the form of tetramer.
NMR Spectra. The M r of the flp53 tetramer of 170,000 is well above the limit of conventional NMR spectroscopy. Difficulties are increased by the spectral line width heterogeneity arising from the differences in internal dynamics among folded and unfolded p53 domains. Consequently, a conventional 15 N, 1 H heteronuclear single quantum correlation ( 15 N, 1 H-HSQC) spectrum of flp53 has the unstructured N-and C-terminal domains clearly visible (15, 16, 21) whereas the core and tetramerization domain signals are missing. By optimizing conditions, including Ͼ98% deuteration of all non-amide protons to reduce the proton density, we were able to obtain and assign good 15 N, 1 H-TROSY spectra (TROSY, transverse relaxation-optimized spectroscopy) (22) of the whole protein (Fig. 1a) .
The quality of the spectra gave clues about the rigidity and hence organization of the structures. Firstly, the core domains in flp53 clearly had less mobility than isolated CDs because they could not be resolved in HSQC spectra. However, the TROSY spectrum of the core domain in flp53 was too sharp for all four CDs to be rigidly immobilized in the tetramer of 160 kDa. Indeed, the addition of a specific 24-mer DNA that is known to bind all four CDs tightly led to the spectrum of the CD being no longer resolved by TROSY under the experimental conditions ( Fig. 1c) but requiring cross-correlated relaxation-enhanced polarization transfer-TROSY, which is suitable for higher molecular masses. The core domains in flp53 must have freedom as either loosely coupled pairs of dimers or partly constrained monomers.
We assigned all of the resonances that were significantly shifted and most of the spectrum of the isolated thermostable domain (Fig. 1a ) from standard triple-resonance experiments and our previous assignment of the wild-type p53 core (23) . The 15 N, 1 H-HSQC and 15 N, 1 H-TROSY spectra from isolated, natively unfolded, N-and C-terminal domains were, in general, superposable with their equivalents in the 15 N, 1 H-TROSY spectrum (data not shown). Although most signals from the CDs were superposable (Fig. 1a) , there were some large changes in chemical shifts of some residues, consistent with subunit interactions (Fig. 2) . We can identify some of the important interactions by comparing the different fragments and using existing structural information.
Organization of Core Domain Dimers in Free p53. Tetrameric p53 binds to a consensus DNA site containing two copies of the decameric motif RRRC(A͞T)͉(T͞A)GYYY (R, purine; Y, pyrimidine) separated by up to 13 bp (24, 25) . The full-length consensus sequence contains two half sites in the form of four inverted 5-bp quarter sites (3 4 3 4). This imposes a symmetry relationship on the arrangement of subunits (6, 21, 26, 27) . NMR and mutagenesis data on the binding of core domains are consistent with a head-to-head pair of core domains bound to a ten base pair sequence of DNA (20, 21, 28) . The interactions are via the self-complementary association of the short helix 178-182 (20, 21, 28 ) and a region around 243 (20) . This mode of binding has been directly observed by Shakked and coworkers (M. Kitayner, H. Rozenberg, H. Kessler, D. Rabinovich, and Z. Shakked, unpublished work), who have solved the crystal structure of p53 core domains bound to DNA oligomers, each of which contains two half sites, and which associate to form a tetrameric complex. The main residues that interact across the stronger of the two surfaces in the complex are 177, 178, 180, 181, 243, and 244 (Fig. 3a) . We checked here the relevance of the crystal structure of the CD-DNA complex to that of tetrameric flp53 bound to natural DNA recognition sequences by measuring the effects of mutation on DNA binding affinity using fluorescence anisotropy (29) : mutation of G244A weakened binding 8-and 6-fold; and R181E weakened binding 10-and 8-fold, with p21 and gadd45 DNA sequences, respectively, in qualitative agreement with studies on isolated core domains binding to DNA containing two half sites (28) .
Core-Domain-Core-Domain Interactions. We first compared the 15 spectrum of CD (Fig. 2a) (30) ] for six residues: 173 and 192 (which could not be resolved because they had moved into highly overlapped regions and͞or shifted too much from the reference position), and 174, 212, 189, and 273 (Fig. 2a, red) . In addition, there were several other residues that had significant chemical shifts of Ͼ0.04 ppm, a level that Fesik and coworkers deem significant (30) . To distinguish the shifts caused by interactions between core domains from those of other interactions, we compared the 15 N, 1 H-TROSY spectrum of the CTetD with isolated CDs (Fig.  2b) . The changes in shift were smaller, with fewer residues with significant changes: residues 184 and 192 were so shifted that we were unable to reassign them; residues 173 (now identifiable), 208, 209, and 212 were changed by 0.05-0.06 ppm; and residues 172 and 270 were shifted by 0.038 ppm (Fig. 2b) .
We superposed the chemical shift data of CTetD versus CD on the crystal structure of the CD-DNA complex (Fig. 3c) . Six of the residues, 172, 173, 184, 192, 208, 209, and 212, form a contiguous patch. Four of the five most strongly shifted signals in flp53, residues 174, 192, 189, and 212, are either the same or are part of that patch. Residue 184 is not involved directly in interactions but did move during an energy refinement procedure (below) and does appear to be flexible in some crystal structures (A. Joerger and A.R.F., unpublished work). The chemical-shift data imply close contact across the interface, perhaps accompanied by some induced conformational changes. Importantly, none of the residues that are involved in the dimer interface in the DNA complex are implicated by NMR, because their signals remained in the reference position in the CTetD construct. It is easy to over-interpret changes in chemical shifts because of induced indirect effects. However, a well defined pattern of changes is significant.
The interaction surface implied from the NMR data per se is consistent with the proposed overall symmetry of the DNA-CD dimer complex (21) and found in the crystal structure (M. Kitayner, H. Rozenberg, H. Kessler, D. Rabinovich, and Z. Shakked, unpublished work) but involves a large rotation of the subunits in the complex from the DNA, breaking the interactions between 243 and 244, and 180 and 181 (Fig. 4) . A more extensive surface of interaction is formed contiguous to that in the protein-DNA complex. The unligated p53 tetramer has its DNA-binding site more open than in the DNA-bound complex and is poised to bind DNA by wrapping around it.
Modeling the Domain Interactions. We initially modeled the interaction between the two core domains to obtain a low-resolution picture of the overall geometry of the interaction (Fig. 4) . However, we were able to obtain a plausible detailed model of the interaction (Fig. 5) . Two subunits of core domain were docked by using 3D-DOCK SUITE V.2.0 (31) and three of the NMR constraints, residues 172, 192, and 212. The resulting complex was further optimized with the MOE (Chemical Computing Group) energy minimization routine. The two interacting surfaces were self-complementary and approximately planar. The modeled interface buried 1,700 Å 2 of solvent-accessible surface area, which is over three times larger than the area buried by the dimer in the DNA-bound structure. Val-172 and Phe-212 from each subunit made van der Waals' contacts and formed a hydrophobic patch in the modeled interface. Glu-171 and Arg-174 formed an intermolecular salt bridge. Similar interactions are frequently observed in dimer interfaces and contribute highly to specificity. Both Glu-171 and Arg-174 are highly conserved in p53 orthologs from different species, suggesting that they might have an essential function, such as the one proposed. Residues 174, 192, 209, and 212 underwent large conformational changes to satisfy the shape and electrostatic complementarity of the new dimer interface. The backbone conformation of residues 208, 209, 210, 211, and 212 changed during the simulation, and there were also small changes in the region around residue 184. These structural changes would account for the changes in chemical shift (29) .
Probing the Surface by Mutagenesis. The interactions are clearly weak because isolated core domains do not self-associate until concentrations approaching millimolar. Nevertheless, weak interactions can become greatly enhanced when added to those already present in an associated complex (the chelate effect). One can never be certain that the chemical shifts that are observed result from a mixture of conformations in rapid equilibrium. Model building is also not 100% reliable. Because of these caveats, we tested whether or not the interactions were real and contributed to self-association in flp53 by mutating them. The binding of p53 to DNA is cooperative with a Hill constant, h, of Ϸ1.8 (29) . The Hill constant is always less than or equal to the number of molecules that associate to form a complex. The value of 1.8 was previously interpreted as reflecting a dimeric ground state for p53 associating to form a tetramer with DNA (29) . We made radical mutations to the residues involved in the salt bridges in the model and measured DNA binding by adding aliquots of protein to a 1 nM solution of the p21 recognition element (29) . Wild-type flp53 had a concentration (in terms of monomer) for 50% binding, P 50 ϭ 2.15 Ϯ 0.12 nM and h ϭ 1.7 Ϯ 0.11; the charge reversal mutant R174E had P 50 ϭ 1.75 Ϯ 0.25 nM and h ϭ 2.29 Ϯ 0.09; and the other charge reversal, E171R, had P 50 ϭ 2.1 Ϯ 0.3 nM and h ϭ 2.56 Ϯ 0.05. Clearly, at the concentrations of protein during the titration region, 0.2-10 nM, the two mutants must be significantly in the form of monomers to have h Ͼ 2, and the wild type is less monomeric. The interactions involving E171 and R174 must clearly be stabilizing the equilibrium between monomers and dimers of p53. In general, it is clearly feasible to analyze the structure of large multidomain proteins containing ordered and disordered regions by comparing high-resolution NMR spectral information on the well ordered domains with spectra on the isolated domains or smaller constructs, followed by verification by sitedirected mutagenesis and complemented by computer modeling.
Experimental
Protein Purification. We used the superstable mutant of p53 containing the following mutation in the CD: M133L͞V203A͞ N239Y͞N268D (18, 19) of p53 as pseudo-wild-type, which increased expression levels and sample stability. Isolated p53 CD, consisting of residues 94-312, and the p53 tetramerization plus C-terminal domain construct residues 313-393 were expressed and purified as described in refs. 16 and 23 . p53 N-terminal domain, residues 1-93, was subcloned into the pRSET-HLT plasmid, expressed in Escherichia coli C41 (32) , and purified by using standard His-tag purification protocols, followed by thrombin digestion, a second Ni-affinity chromatographic step to separate the HLT tag, and a final anion-exchange chromatography purification step. flp53 and CTetD (residues 94-360) were cloned into pET24a-HLTV plasmid. The protein was purified by using standard His-tag purification protocols, followed by tobacco etch virus protease digestion. The final purification step was heparin affinity chromatography. 15 15 N-labeled protein, and N exchangeable protons is the number of protons that could be exchanged with water, i.e., protons of amides and polar side chain groups.
Analytical Ultracentrifugation. Equilibrium sedimentation experiments were performed on a Beckman XL-I ultracentrifuge by using Ti-60 rotor and 6-sector cells at speeds of 8,000, 11,000 and 15,000 rpm at 10°C and 25°C. The sample volume was 110 l. Samples were considered to be at equilibrium as judged by a comparison of the several scans at each speed. For CTetD, the sample volume was reduced to 55 l, and the speeds were 18,000 and 22,000 rpm at 10°C to reduce the time of the experiment and avoid aggregation. Buffer conditions were 25 mM sodium phosphate (pH 7.2), 150 mM KCl, and 1 mM DTT. Data were processed and analyzed by using ULTRASPIN software, which is available from our web site (www.mrc-cpe.cam.ac.uk).
NMR. Spectra were acquired with a Bruker Avance 800-MHz spectrometer equipped with a CryoProbe and single-axis gradients. HSQC and TROSY spectra (22) were recorded with protein in a buffer of 25 mM sodium phosphate (pH 7.2), 150 mM KCl, and 5 mM DTT at 20°C. In all experiments, concentrations of p53 or its domains were Ϸ100 M. All spectra were externally referenced based on the position of the water peak.
DNA Binding. The binding of mutants of flp53 to p21 and gadd45 recognition sequences were performed by using fluorescence anisotropy (29) at 10°C in buffer containing 25 mM imidazole chloride (pH 7.2), 213.4 mM NaCl, and 5 mM DTT. p53 protein at a concentration of 0.15-10 M was titrated into fluoresceinlabeled DNA (initial concentration of 1-3.5 nM or 12 nM for p21 and gadd45 DNA, respectively) in 30 increments of 2 l followed by 70 increments of 6 l.
Modeling. A global scan of translational and rotational space of the possible orientations of the two molecules, constrained by surface complementarity and electrostatics, was performed by using FTDOCK (31, 33) . Each possible complex was scored by using the RPSCORE program and an empirical pair potential matrix derived from nonhomologous interfaces observed in the Protein Data Bank. The high-scoring complexes were further filtered by using a three-point interatomic distance constraint defined by the residues 172, 192, and 212. The final putative open-state homodimer was scored highest according to the surface-complementarity score. Subsequent optimization of the dimer interface was performed to satisfy optimal van der Waals' and electrostatic interactions between the interacting surfaces. Amino acid side chains at the interface were rebuilt de novo by using SCWRL 3.0 (34) . In the final step, the energy of the complex was minimized by using the CHARMM22 molecular force field distributed with MOE software.
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